ABSTRACT
T
he hypoglossal nerve provides motor innervation for the entire tongue with the exception of the palatoglossal muscle. The nerve leaves the medulla oblongata between the olive and the pyramid in the preolivary groove, passes through the premedullary cistern, and exits the skull through the hypoglossal canal. Inferior to the skull base, the nerve descends lateral to the carotid artery, traveling with the glossopharyngeal, vagal, and accessory nerves; the carotid artery; and the internal jugular vein within the carotid space. At the level of the mandibular angle, the nerve courses anteriorly, caudal to the posterior belly of the digastric muscle, toward the hyoid bone. Here, the nerve enters the submandibular space, passes between the mylohyoid and the hyoglossal muscles into the sublingual space, and finally enters the body of the tongue. 1 A lesion of the hypoglossal nerve can cause dysarthria, dysphagia, and tongue paralysis, and unilateral atrophy of the tongue muscles may result. Denervation of the tongue can be secondary to radiation therapy due to formation of fibrotic tissue around the nerve, infection, lymphadenopathy, tumor entrapping or infiltrating the nerve, neurogenic tumors arising within the nerve, or trauma, with iatrogenic trauma resulting from carotid endarterectomy, neck dissection, or tonsillectomy being among the more common causes of hypoglossal nerve dysfunction. There are also reports of carotid and vertebral artery dissections leading to hypoglossal nerve injury. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In a large case series of hypoglossal nerve palsies, the site of the lesion could not be localized in 6%. 9 In the radiologic diagnostic work-up, a segmental imaging approach is advised. [19] [20] [21] The medullary, cisternal, and skull base segments can be well examined with the existing protocols of MR imaging and CT. In the carotid and submandibular spaces, these imaging modalities are also recommended, but the nerve itself is usually not depicted. 19, 20, 22 We are not aware of any study of the feasibility of the direct visualization of the extracranial hypoglossal nerve, though ultrasound (US) has been increasingly used to visualize peripheral nerves to diagnose and localize pathologies affecting them.
23,24
The aim of our study was to test the feasibility of direct visualization of the extracranial hypoglossal nerve with US in fresh cadavers, healthy volunteers, and patients with a suspected lesion of the hypoglossal nerve. A secondary objective was to provide data on the cross-sectional area of the hypoglossal nerve in our volunteer sample as a reference.
MATERIALS AND METHODS
Our study consisted of 4 parts: In the first part, the cadaveric study, we examined the technical feasibility of visualization of the extracranial hypoglossal nerve with US in fresh human specimens. In the second part, the volunteer study, we examined individuals and performed measurement of the nerve cross-sectional areas. In the third part, the reproducibility study, we evaluated whether 2 resident physicians with little and intermediate experience in US were capable of locating the hypoglossal nerve in a second group of healthy volunteers. The last part was a clinical evaluation, in which we performed US scans of patients with a known pathology of the neck and tongue palsy or, in one case, screened for neurofibromatosis. We visualized the pathology and the affected hypoglossal nerve. All 4 parts of this study were performed according to the regulations of the local ethics committees.
Cadaveric Study
For this study, we examined 24 neck sides from fresh, nonembalmed cadavers of 5 women and 7 men, with a mean age of 78.25 Ϯ 11.23 years (median, 79 years; maximum, 97 years; minimum, 58 years). They donated their bodies to the Department of Anatomy. According to the medical records, they had no neuromuscular or neck and throat disease.
All cadaver specimens were scanned with a portable US system (LOGIQ e; GE Healthcare, Milwaukee, Wisconsin) by using a linear wide-band array transducer with an imaging frequency of 4.2-13 MHz (L4 -12t-RS, LOGIQ e; GE Healthcare). A radiologist with 8 years of experience in clinical and interventional ultrasound performed US scans and US-guided injections.
The cadaver was placed in a supine position, with the neck in maximum extension. Then the US transducer was positioned at the sublingual space aligned parallel to the coronal body plane ( Fig  1D) . The hypoglossal nerve was localized as an oval hypoechoic structure in the space between the mylohyoid and the hyoglossal muscles. From this starting position, the nerve was tracked medially into the tongue and laterally to the carotid space with slight adjustments of the scan plane (Fig 1C,  -B) . Within the carotid space, the hypoglossal nerve was tracked further as it turns cranially and courses parallel to the carotid vessels to the skull base (Fig 1B, -A) . Along the course from the sublingual space to the end of the carotid space at the skull base, in steps of 1-2 cm, a 23-ga syringe needle aligned parallel to the US scan plane was advanced from the skin to the nerve. The needle tip was positioned at the perineural sheath of the hypoglossal nerve. There, a small amount (approximately 0.01 mL) of India ink diluted 1:10 with saline solution and thickened with Nutilis (Nutricia, Erlangen, Germany) was injected. The ink was thickened to minimize the spread of the color. During the US scan, the injected ink was digitally documented as small pockets of hypoechoic fluid around the nerve.
Immediately after the injection procedure, the cadaver was dissected by 2 experienced anatomists. Using surgical scalpels and forceps, they exposed the hypoglossal nerve from the entry of the nerve into the tongue to the region inferior to the skull base. The distribution of the ink was photo-documented.
Volunteer Study
Thirty-three healthy volunteers (17 men, 16 women) without any known neuromuscular or neck and throat disease, with an average age of 44.9 Ϯ 11.85 years (median, 43 years; maximum, 70 years; minimum, 27 years) were recruited from the authors' families and the hospital staff. Written informed consent was obtained from all volunteers. Using the same examination protocol and US hard- ware as in the cadaveric study, the same radiologist scanned the test individuals.
Cross-sectional areas of the hypoglossal nerve were measured at 2 distinct locations at both sides of the volunteers' necks. The first position was at the posterolateral border of the mylohyoid muscle (Fig 1C) . Here, the US transducer was rotated to a position transverse to the long axis of the hypoglossal nerve. A still image of the cross-section of the nerve was stored. The second position was at the crossing of the nerve with the external carotid artery ( Fig  1B) . Here again, the US scanning plane was aligned transverse to the long axis of the nerve, and an US still image was stored. The actual measurement of the cross-sectional area at these 2 positions was performed after the scanning procedure on a personal computer by using the software ImageJ (National Institutes of Health, Bethesda, Maryland) for greater ease of use.
Reproducibility Study
A second group of 11 healthy volunteers (7 women and 4 men) without any known neuromuscular or neck and throat disease, with an average age of 48 Ϯ 10.13 years (median, 4 years; maximum, 61 years; minimum, 27 years) was recruited from the hospital staff. Written informed consent was obtained from all volunteers.
After a short introduction of a few minutes on the scanning technique, in particular by using Fig 1, an ear, nose, and throat diseases resident physician with little experience in US (Ͻ1 year) and a radiology resident physician with intermediate experience in US (4 years) scanned the test individuals by using the same examination protocol and US hardware as in the cadaveric study.
The assigned task was to locate the hypoglossal nerve at the 2 locations defined in the volunteer study described above. These were at the posterolateral border of the mylohyoid muscle ( Fig  1C) and at the crossing of the nerve with the external carotid artery (Fig 1B) .
A total scanning time limit of 5 minutes for each volunteer neck side was set. The primary investigator checked the results presented by the resident physicians.
Clinical Evaluation
Between 2014 and 2015, we examined 6 patients with hypoglossal nerve palsy and a prior operation of the hypoglossal nerve and a patient with neurofibromatosis, who were referred to our department. These patients (4 men and 2 women) with a mean age of 54.3 years were examined with the same US hardware as described in the cadaveric study. US still images were recorded. The US findings were correlated with the known clinical history and course.
RESULTS

Cadaveric Study
In all specimens (24/24), we could identify the hypoglossal nerve within the slit between the mylohyoid and hyoglossal muscles in the sublingual space by using US. From this scanning position, it was also possible to track the nerve medially until it entered the tongue, laterally into the carotid space, and further cranially along the carotid arteries accompanied by the vagal, glossopharyngeal, and accessory nerves (Fig 1) . The most cranial part of the course within the carotid space, just beneath the skull base, could not be visualized completely because it was deep within the neck covered by the styloid and mastoid processes. In the dissection, the injected ink was found exclusively at the perineural sheath of the hypoglossal nerve (Fig 2) . No ink was found inside the nerve or within any other structure of the neck but the perineural sheath of the hypoglossal nerve.
Volunteer Study
Following the protocol developed in the prior cadaveric study, we were able to visualize the hypoglossal nerve in all volunteers (33/ 33). It was possible to take reference measurements of the crosssectional areas of the hypoglossal nerve at the posterolateral rim of the mylohyoid muscle and at the crossing with the external carotid artery in all specimens. Our measurement results are presented in Table 1 .
We encountered minor difficulties tracking the hypoglossal nerve with US throughout its course due to the lower image quality in persons with beards and due to the limited space for US transducer movements in volunteers with large collar sizes and short necks. However, we were able to locate the nerve and perform the required measurements.
Reproducibility Study
Both resident physicians were able to locate the hypoglossal nerve in 19 of 22 neck sides. The radiology examiner with intermediate experience in US failed to locate the hypoglossal nerve in only 1 neck side. The otorhinolaryngologist with little experience in US failed to find the nerve in 3 neck sides within the set time limit of 5 minutes per neck side. Both examiners extensively used the color Doppler mode. For both examiners, this facilitated distinguishing the nerve from small blood vessels because both structures may have a similar morphology in gray-scale ultrasound.
Clinical Evaluation
Our US examination revealed a variety of pathologies. Our sample included 6 patients with conditions such as iatrogenic scar tissue around a nerve (Fig 3) , nerve infiltration by oropharyngeal carcinoma (Fig 4) , surgical end-to-side nerve coaptation (Fig 5) , partial nerve transfer, and a neurofibroma (Fig 6) . Medical his- tory, US findings, and the assumed diagnosis of our patients are listed in Table 2 .
In all patients, the extracranial course of the nerve and the pathologies affecting the nerve could be visualized. Image quality was lower in patients with prior operations and subsequent extensive scar tissue in the scanned region.
DISCUSSION
Paralysis of the tongue can be a symptom of a heterogeneous spectrum of pathologies, and imaging of the potentially affected regions in the central and peripheral nervous system is an essential element of the diagnostic work-up. In case of a suspected lesion of the hypoglossal nerve, radiologic standards have been established. The medullary, cisternal, and skull base segments of the hypoglossal nerve course are examined with CT and MR imaging according to the strengths of these imaging modalities in imaging softtissue or bony structures. For the neck segment of the hypoglossal nerve, CT and MR imaging have also been advocated as the primary imaging modalities. [19] [20] [21] Here, the hypoglossal nerve is assessed indirectly by delineating the muscles innervated by the 
FIG 3.
Parasagittal US scan at the floor of the mouth of patient 1 ( Table 2 ). Note the hypoglossal nerve entering the region with extensive scar tissue after a neck dissection operation. Inset: position of the US transducer; 1 ϭ hypoglossal nerve, asterisks ϭ body of the tongue, arrowheads ϭ scar tissue.
FIG 4.
Parasagittal US scan at the floor of the mouth of patient 2 ( Table 2 ). The hypoglossal nerve is directly infiltrated by a squamous cell carcinoma of the tongue base. Inset: position of the US transducer; 1 ϭ hypoglossal nerve, 2 ϭ submandibular gland, asterisks ϭ body of the tongue, arrowheads ϭ squamous cell carcinoma of the tongue base.
FIG 5.
Parasagittal US scan at the carotid space of patient 3 ( Table 2 ). Anterior to the carotid space the hypoglossal nerve is thickened focally after a facial nerve end-to-side coaptation. Inset: position of the US transducer; 1 ϭ hypoglossal nerve, 2 ϭ submandibular gland, asterisk ϭ body of the tongue, arrowheads ϭ coaptation site.
FIG 6.
Parasagittal US scan at the carotid space of patient 6 ( Table 2) . The hypoglossal nerve is thickened markedly in the carotid space due to formation of a fibroma. Inset: position of the US transducer; 1 ϭ hypoglossal nerve, 2 ϭ submandibular gland, asterisk ϭ body of the tongue, arrowheads ϭ fibroma.
nerve and by detecting potential pathologies that are in the vicinity of the expected course of the nerve. Muscle atrophy or muscle denervation changes can indirectly indicate pathology of the hypoglossal nerve, but they are not direct proof. Furthermore, small lesions and pathologic processes originating from the hypoglossal nerve itself may remain undetected. So far, US has been described as insufficient to give useful information concerning the hypoglossal nerve. 19 Hence, a reliable imaging protocol for the direct visualization of the nerve has not yet been established, to our knowledge. In the cadaveric study, we developed and verified an US imaging protocol for the reliable visualization of the extracranial hypoglossal nerve, with the exception of the segment directly beneath the hypoglossal canal. We applied this protocol in healthy volunteers and patients.
Although there are many nerves and nerve-like structures in the neck, our ink injections and subsequent dissections show that the nerve can be correctly identified and traced with US. The minor US scanning difficulties we encountered during the examination of healthy volunteers and patients are generally known problems in head and neck US. A large patient collar size and a short neck impede transducer movements and could require the use of lower US transducer frequencies and thus lead to a lower image resolution. Typically, a generally lower US image quality results from beards, prior operations, and prior radiation therapy.
It was possible to visualize the extracranial portion of the hypoglossal nerve in all cadaveric specimens, volunteers, and patients. The only exception was an approximately 1-cm-long segment of the hypoglossal nerve just beneath the external opening of the hypoglossal canal. Here, the US scan was blocked by the styloid and mastoid processes, and we could not develop an alternative sonographic window. From our point of view, this limitation can only be overcome with other image modalities such as CT and/or MR imaging.
The US examinations in the first, second, and fourth part of this study were performed by the highly experienced primary investigator. Physicians with little and intermediate experience in US could locate the hypoglossal nerve in Ͼ86% and Ͼ95% of cases, respectively, however, after a brief training of a few minutes. Thus, we are confident that a focused examination of the hypoglossal nerve with US is feasible in clinical routine. As noted in the observation of the resident physicians' scanning, we strongly recommend the use of color Doppler because it seems to facilitate the perception of the hypoglossal nerve position.
A notable shortcoming of our study design is the retrospective character of the clinical part in combination with the low number of cases with hypoglossal nerve pathologies. Nevertheless, primary hypoglossal nerve pathologies are rare, and the focus of our study was to demonstrate the feasibility of visualizing the hypoglossal nerve in different settings. A prospective clinical trial evaluating US versus CT and MR imaging is the next logical step, and we are planning such a study.
In the examination of our patients, all alterations of the nerve itself were focal thickenings and easy to perceive; thus, no comparisons with reference nerve diameters were necessary. Given that some pathologies, for example polyneuropathies, might lead to nerve thickening or thinning over a long segment, [25] [26] [27] in such cases, reference data might be helpful in detecting the pathology. The marginally smaller cross-sectional area of the hypoglossal nerve at the distal measurement point (1.9 versus 2.1 mm 2 ) can be explained by the branching of the ansa cervicalis. A radiologic imaging protocol can only be successfully introduced in daily hospital routine if the necessary device is part of the standard equipment. In our study, we used US hardware that is relatively inexpensive and widely available. Furthermore, identifying the hypoglossal nerve between the mylohyoid and hyoglossal muscles is simple. Following our protocol, US can be easily used to assess the extracranial hypoglossal nerve and can complement existing imaging algorithms.
CONCLUSIONS
We demonstrated that with US, it is possible for even relatively inexperienced examiners to reliably and directly visualize most of the extracranial course of the hypoglossal nerve. We also present reference measurements of the cross-sectional area of the hypoglossal nerve. In a small group of patients, we depicted structural alterations of the nerve and of its immediate surroundings resulting from pathologies and prior operations.
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